Chikungunya virus (CHIKV) is a positive-sense, single-stranded RNA virus, 21 belonging to the genus alphavirus in the family Togaviridae. The virus is spread by the 22
Aedes species (sp.) mosquitoes in tropical and subtropical regions of the world. CHIKV 23 causes Chikungunya fever (CHIKF), where the acute stage of infection is characterized 24 by high fever, headache, rash, and polyarthralgia. In 30-40% of cases, patients 25 develop a chronic stage with debilitating joint pain persisting for months to years 26 imposing a burden on the population in terms of disability adjusted life years 27 (DALY). Presently, no vaccines or treatment options are available for this infection. Prior 28 investigations reveal that CHIKV infection is associated with bone pathology; however, 29 the molecular mechanism underlying CHIKV-induced bone pathology remains poorly 30 defined. Studies show that disruption of osteogenic differentiation and function of bone 31 marrow-derived mesenchymal stem cells (BMMSCs) can lead to bone pathologies. 32
However, to date pathogenesis of CHIKV infection in this context has not been 33 studied. In the current study, we investigated the susceptibility of BMMSCs to CHIKV 34 and studied the effect of infection on BMMSCs-derived osteogenic cells. To our 35 knowledge, for the first time we report that CHIKV can productively infect BMMSCs. We 36 observed a decrease in the intracellular and extracellular alkaline phosphatase (ALP) 37 activity and reduction in calcium phosphate deposition in infected cells compared to 38 mock-infected control. Thus, we conclude that CHIKV infects BMMSCs and disrupts 39 function of osteogenic cells. Chikungunya virus (CHIKV) is a positive-sense, single-stranded RNA virus 65 belonging to the Togaviridae family and alphavirus genus (1) (2). Since the mid-1900s, 66 there have been outbreaks of CHIKV infection in Africa, Asia, and the Indian and Pacific 67
Ocean region, with few reported cases within Europe (3). Beginning in 2013, there have 68 been increasing numbers of infections in the Americas, in part due to travel from 69 affected region (4). CHIKV is transmitted by Aedes species (sp). Mosquitoes. CHIKV 70 infection in the tropical and subtropical regions of the world can lead to Chikungunya 71 fever (CHIKF) (5). CHIKF is characterized by a self-limiting acute stage, with symptoms 72 of fever, rash and arthralgia which lasts for 1-2 weeks (6). In 30-40% of cases, infected 73 individuals develop an incapacitating chronic arthritic stage which may persist for 74 months to years, thereby imposing a burden on the population in terms of disability 75 adjusted life years (DALY) (7-10) 76
Recent studies identified bone lesions in the joints of CHIKV infected mice, 77
indicating that CHIKV can cause bone pathologies (11, 12) . In another study, mice 78 infected with a similar arthritogenic alphavirus, Ross River virus (RRV) resulted in 79 significant bone loss. (13). In humans, magnetic resonance imaging (MRI) studies 80 revealed that CHIKV infection is associated with erosive arthritis (14, 15) . Taken 81 together, these studies suggest alphavirus infection can affect bone homeostasis and 82 thus contribute to arthritic-like conditions. 83
Mesenchymal stem cells (MSCs) are multipotent, non-hematopoietic stromal 84 cells which can self-renew and differentiate into various cell lineages (16). MSCs can be 85 derived from umbilical cord blood, adipose tissue and bone marrow (16). Bone marrow-86 derived MSCs (BMMSCs) have trilineage differentiation potential and they can 87 differentiate into osteogenic, chondrogenic or adipogenic cell lineage (17). The 88 osteogenic differentiation of BMMSCs is important for bone-remodeling, and the inability 89 of BMMSCs to differentiate into the osteogenic lineage may lead to an imbalance in 90 bone remodeling and eventually bone loss (18) (19) (20) . A few studies have shown that virus 91 infection of BMMSCs can affect the properties and function of these cells (21, 22) . 92
In this study, we investigated the susceptibility and response of BMMSCs to 93 CHIKV infection. We hypothesized that CHIKV can infect BMMSCs and affect the 94 osteogenic differentiation of BMMSCs. Our results show that CHIKV can productively 95 infect BMMSCs. Importantly, we observed that viral infection significantly impaired the 96 function of the osteogenic cells, as evidenced by the decrease in alkaline phosphatase 97 (ALP) activity at 14 days post infection (dpi) and rate of mineralization at 7 and 14 dpi 98 compared to mock-infected control. Together, these findings indicate CHIKV can infect 99
BMMSCs and disrupt BMMSC-derived osteogenic cell function. 100
101

Results 102
BMMSCs are permissive to CHIKV infection 103 CHIKV infection has been associated with bone pathology, implying its role in 104 disruption of bone homeostasis (11, 12, 14, 15) . BMMSC-derived osteogenic 105 differentiation is essential for bone homeostasis (18) (19) (20) . Recent studies show that viral 106 infection can affect the function of BMMSCs and BMMSC-derived osteogenic cells (21, 107 22) . However, to date, it is unknown whether alphaviruses can infect BMMSCs and 108 disrupt osteogenic cell function. Permissivity of BMMSCs to CHIKV infection was 109 determined by infecting cells under acute infection condition ( Fig.1) . To detect the 110 presence of infection in BMMSCs, immunofluorescence assays (IFA) were performed 111 at 24 hours post-infection (hpi). Infection was confirmed by visualizing the presence of 112 viral non-structural protein 4 (nsP4) in infected cells at all MOIs tested ( Fig. 2A ). To 113 detect replication of virus in infected cells, the expression of viral non-structural protein 1 114 (nsP1) gene was quantified by qRT-PCR. Infected cells showed a significant increase in 115 nsP1 gene expression at 24 hpi with increased MOIs (Fig. 2B ). Morphological analysis 116 of infected cultures at 48 hpi showed the presence of cytopathic effect (CPE), 117 particularly at higher MOIs ( Fig. S1A ). CPE was quantified at 48 hpi using 
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homeostasis (18) (19) (20) . In addition, viral infection have been associated with altered 128 function of BMMSC-derived osteogenic cells (21). Therefore, we next investigated the 129 fate of CHIKV-infected, differentiated BMMSCs. Based on our initial data we selected a 130 MOI of 0.001 and 0.01 for further "chronic infection" experiments. Cells were infected 131 and differentiated as described in Figure 1 . Osteogenic differentiation was confirmed by 132
Alizarin Red staining assay. This assay detects the deposition of calcium phosphate 133 crystals, formed during matrix mineralization by osteogenic cells (23). Presence of red 134 stained calcium nodes was clearly detected in differentiated cells at 7 and 14 days post 135 differentiation (dpd) compared to undifferentiated controls (Fig 3) . To determine the 136 susceptibility of the osteogenic cells to CHIKV infection, viral replication was confirmed 137 by nsP1 gene expression using qRT-PCR at 7 dpi. A significant increase in nsP1 138 expression was observed in infected cells compared to mock ( Fig. 3B ). Next, we 139 confirmed the production of infectious virus particles at 7 dpi by plaque assay (Fig. 3C ). 140
Similarly, we observed an increase in infectious virus particle production. We next 141 determined the viability of the osteogenic cells during infection. Brightfield images of 142 infected cells at 7 dpi showed evidence of CPE, particularly at MOI 0.01 ( Fig. 3D) . 143
Interestingly, CPE quantification done by Viral ToxGlo assay resulted in minimal CPE 144 production when compared to mock-infected cells at 7 dpi ( Fig. S2A ). Morphological 145 analysis and CPE quantification at 14 dpi showed similar results ( Fig. S2B and C) . 146
Taken together, these results demonstrate that osteogenic cells are susceptible to 147 CHIKV infection and results in minimal CPE at low MOIs. 148
CHIKV infection impairs function of osteogenic cells 149
Prior studies have shown viral infection of osteogenic cells causes impaired ALP 150 activity during differentiation (21). To examine the effect of CHIKV infection on ALP 151 activity, BMMSCs were infected as previously outlined (Fig 1) . ALP activity and ALP 152 staining assays were performed. No significant change in ALP activity was observed in 153 infected cells at 7 dpi (Fig. 4A ). However, a significant reduction in the ALP activity was 154 observed in infected cells at 14 dpi (Fig. 4B ). The infected cells resulted in reduced ALP 155 staining intensity at both 7 and 14 dpi ( Fig. 4C ). Next we performed Alizarin Red 156 staining assay to detect the effect of viral infection on deposition of calcium phosphate 157 crystals. BMMSC were infected as described in Figure. 1 and Alizarin Red staining 158 assay was done at 7 and 14 dpi. A significant decrease in calcium phosphate deposits 159 was observed in infected cells at 7 and 14 dpi (Fig. 4D ). Together, these results 160 demonstrate for the first time that CHIKV infection impairs the function of BMMSC-161 derived osteogenic cells. 162
Discussion 163
Joint pathology and arthritic-like conditions are associated with CHIKV infection, 164 however the mechanism underlying these conditions remains poorly defined (11, 12, 14, 165 15, 24) . BMMSCs are non-hematopoietic multipotent stem cells which can differentiate 166 into adipogenic, osteogenic, and chondrogenic lineages (16, 17) . These cells can 167 secrete and respond to different signaling molecules and undergo osteogenic 168 differentiation thereby playing an essential role in bone homeostasis (18, 25 Previous studies demonstrated that viral infection causes impaired matrix 183 mineralization and ALP activity (21, 22) . Our study revealed that despite a lack of 184 significant change in ALP activity at 7 dpi, there was a significant reduction in ALP 185 activity at 14 dpi. Moreover, reduction in ALP staining intensity was observed at both 7 186 and 14 dpi. The results obtained are similar to a prior study showing the effect of viral 187 infection on ALP activity (21). The lack of significant change in ALP activity at 7 dpi was 188 likely due the observed absence of a difference in ALP activity between undifferentiated 189 and differentiated osteogenic cells at 7 dpd (data shown). 190
Calcium phosphate deposition due to mineralization is a hallmark of osteogenic 191 differentiation (23, 28). We found that at 7 and 14 dpi, CHIKV caused a significant 192 reduction in calcium phosphate deposition in infected cells. This indicates that CHIKV 193 infection disrupts the mineralization function of osteogenic cells, in that way likely 194 disrupts bone homeostasis. It is important to note that matrix mineralization is also 195 associated with the production of extracellular matrix (ECM) proteins including 196 fibronectin, vitronectin, laminin, osteopontin, and osteonectin (23, 28-30). Thus, future 197 studies will be aimed at examining the expression and production of these proteins in 198 the context of viral infection. 199
In vivo differentiation of BMMSCs into the osteogenic cell lineage depends 200
on their interaction with other cells in the joint space (23, 31-33). Hence, co-culturing of 201 BMMSCs with cells, including osteoclasts, synovial fibroblasts, macrophages and 202 chondrocytes in the presence of CHIKV will lead to a better understanding the 203 mechanism underlying the disruption of bone homeostasis (34) (35) (36) . 204
It is well established that the receptor activator of nuclear factor kappa-Β ligand 205 (RANKL)/osteoprotegerin (OPG) ratio plays an important role in bone homeostasis and 206 drives osteoclastogenesis (37-40), the dysregulation of which likely contributes to 207 CHIKV-induced bone pathology. It has been reported that CHIKV infection of 208 osteoblasts can alter RANKL/OPG ratio (41). Based on our findings, it will be interesting 209 to examine the contribution of CHIKV infection of osteoblast progenitors in vitro and in 210 vivo and the effect on RANKL/OPG levels. 211
In our study, we report that BMMSCs are susceptible to CHIKV infection, and 212 infection impairs ALP activity and calcium phosphate deposition in osteogenic cells. Our incubated at 37C, 5% CO 2 for 2 days for proliferation. For the purposes of this study, 226 the 2-day incubation period was considered an acute infection (Fig. 1) . 227
For differentiation study, BMMSCs were infected at MOI 0.001 or 0.01 and 228 incubated for 1 h at 37C, 5% CO 2 . After 1 hpi, cells were washed with DPBS, 229
replenished with osteogenic differentiation media containing mesenchymal stem cell 230 expansion medium (Millipore, USA) and supplemented with 10 mM beta 231 glycerophosphate (Sigma, USA), 0.1 μM dexamethasone (Sigma, USA) and 200 μM 232 ascorbic acid (Sigma, USA). Media change was done every 2 dpi. For this study, this 233 was considered as a chronic infection (Fig. 1 ). For these experiments, mock-infected 234 undifferentiated cells were negative controls, while mock-infected differentiated cells 235 were positive controls. 236
Baby hamster kidney cells (BHK-21; ATCC CCL10) were cultured in Dulbecco's 237 modified Eagle's medium (DMEM) (Invitrogen, USA) and supplemented with 10% Fetal 238 bovine serum (FBS) (Gibco, USA) 239
Determination of CPE 240
Cells at a density of 1×10 5 per well were seeded in 6-well plates and incubated 241 for 24 h, at 37C. A confluent monolayer of cells were infected under both acute and 242 chronic conditions as mentioned above. To determine CPE, infected cells were 243 observed using the DM1/MC120 bright field microscope (Leica, Germany). Images were 244 collected every 24 h for acute infection and at 7 and 14 dpi for chronic infection. 245
The viral CPE was quantified by the Viral ToxGlo assay (Promega, USA). This 246 assay detects the amount of ATP produced by the cells (42). CPE produced due to viral 247 infection leads to decreased ATP production which can be quantified. Cells at a density 248 of 3×10 3 per well were seeded in a 96-well plate and incubated for 24 h at 37C . For 249 quantification of CPE in acute infection, Viral Tox Glo assay was performed at 48 hpi, 250
and for chronic infection, the assay was performed at 7 and 14 dpi, according to 251 manufacturer's instructions. The change in ATP production in infected versus mock-252 infected BMMSCs was measured using a Tecan Spark® microplate luminometer 253 (Tecan Trading AG, Switzerland). 254
Immunofluorescence assay 255
Cells at a density of 2.5×10 4 per well were seeded in 4-well plate containing 256 glass cover slips in each well and incubated for 24 h, at 37 C. Mock or virus-infected 257 cells were fixed in 4% paraformaldehyde (PFA) (Electron Microscopy Sciences, USA) 258 for 30 min and permeabilized with 0.1% Triton X (Fisher Bioreagents, USA) for 10 mins. 259
Blocking was done in 3% Bovine Serum Albumin-Phosphate Buffered Saline 260 (PBS/BSA) for 1 h. Virus was stained with antibody against CHIKV non-structural 261 protein (nsP4) (kindly provided by Dr. Andres Merits). BMMSCs were stained with 262 mouse anti-Vimentin antibody (V9) (Life Technologies, USA). Following overnight 263 incubation with primary antibody at 4C, the cells were stained with Alexa-Fluor 568 264 goat anti-rabbit IgG and Alexa Fluor 488 donkey anti-mouse IgG (Life Technologies, 265 USA) for 1 h at room temperature. Nuclear staining was done with Hoechst 33642 266 (Invitrogen, USA) for 30 min. Images were taken and processed using Zeiss LSM 800 267 with Airyscan (Germany). 268
ALP activity and ALP staining assay 269
ALP enzyme activity was determined by ALP activity assay (43). Cells at a 270 density of 2.5×10 4 per well were seeded in a 24-well plate and incubated for 24 h at 271 37C. Cells were then infected as aforementioned. At 7 and 14 dpi, the infected cells 272
were lysed by freeze-thaw method in a buffer containing Triton X-100 (0.1% v/v) 273 Extracellular ALP expression was examined by ALP staining assay (44). Cells at 284 a density of 3×10 4 per well were seeded in a 24-well plate and incubated for 24 h at 285 37C . At 7 and 14 dpi, ALP staining was performed using ALP leukocyte kit (Sigma-286
Aldrich, USA) according to manufacturer's instructions. Images were taken using a 287 DM1/MC120 microscope (Leica, Germany) at 20× magnification. 288
Alizarin Red staining 289
Cells at a density of 5×10 4 per well were seeded in a 24-well plate and incubated 290 for 24 h at 37C. At 7 and 14 dpi, Alizarin Red staining assay was performed using 291
Alizarin Red solution (EMD Millipore, Germany) according to manufacturer's 292 instructions. Alizarin Red stains the calcium phosphate deposits formed by matrix 293 mineralization during osteogenic differentiation (23). All images were taken 294 using DM1/MC120 microscope (Leica, Germany) at 20× magnification. 295
Quantitative RT-PCR (qRT-PCR) 296
Cells at a density of 1×10 5 per well were seeded in a 6-well plate and incubated 297 for 24 h at 37C . For acute and chronic infection, cells were collected at 24 hpi and 7 298 dpi respectively, and lysed in RLT buffer (Qiagen, Germany) for RNA isolation. RNA 299 isolation was performed using RNeasy Mini kit (Qiagen, Germany) according to the 300 manufacturer's instructions. RNA was quantified and total RNA was reverse transcribed 301 using a qScript cDNA synthesis kit (Quantabio, USA) according to the manufacturer's 302 Green Supermix (Bio-Rad, USA) and primer for the nsP1 gene (Applied Biosystems, 305 USA) (5'-GGGCTATTCTCTAAACCGTTGGT-3' and 5'-306 CTCCCGGCCTATTATCCCAAT-3') according to the manufacturer's instructions with 307 the following conditions: (i) PCR initial activation step, 95C for 3 min, 1 cycle, and (ii) 308 three-step cycling, 95C for 15s, followed by 60C for 1min and 95C for 15s, 40 309 cycles. The fold change in mRNA expression relative to mock-infected samples was 310 calculated using the 2^-ΔΔCt method. Transcript levels were normalized using 311
Hypoxanthine phosphoribosyltransferase 1 (HPRT1) (Hs02800695_m1) (Thermo 312 Scientific, USA) 313
Plaque assay 314
BMMSCs at a density of 1×10 5 per well were seeded in a 6-well plate and 315 incubated for 24 h, at 37C. The cell culture supernatants were collected from infected 316 and mock-infected cells at 7dpi and after serial dilution, were used to perform plaque 317 assay. BHK21 cells were seeded into 24-well plates at a density of 1×10 5 cells per well 318 and cultured to confluence. Confluent layer of BHK21 cells were infected in triplicate 319 with each dilution of the culture supernatant of infected BMMSCs and incubated for 320 1 h and 15 min at 37C, 5% CO 2 . Cells were then overlaid with DMEM containing 5% 321 FBS and 0.6% agarose (Fischer scientific, USA) and incubated at 37°C for 48 h. After 322 48 h, the agarose plugs were removed, and the cells were fixed and stained with 0.1% 323 crystal violet solution containing 3.2% PFA. The plaques were counted, and the viral 324 titers were expressed as plaque forming units/mL (PFU/mL). 325
Statistical analysis 326
All statistical analyses were performed using GraphPad Prism 8. Data were represented 327 as the mean ± standard error of the mean (SEM). Significant differences between the 328 experimental groups were determined using Student's t test. P values < 0.001 were 329 considered significant. 330
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